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Edited by Felix WielandAbstract Exocytosis of late endocytic compartments in
Dictyostelium has mostly been studied by live microscopy. Here
we show that this exocytosis is accompanied by a complete fusion
of late endosomes with the plasma membrane resulting in the
transient formation of membrane microdomains that can be visu-
alized by immunoﬂuorescence in ﬁxed cells. This permitted to
demonstrate that fusion of late endocytic compartments with
the cell surface does not occur in regions of the plasma mem-
brane engaged in the formation of pseudopods, macropinosomes
or phagosomes. Our results propose that exocytosis of late endo-
somes and actin-driven membrane remodeling are mutually
exclusive processes.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Dictyostelium discoideum amoebae continuously ingest
extracellular liquid by macropinocytosis. After ingestion, the
internalized material is found in membrane compartments of
the endocytic pathway. Undigested components accumulate
in late endosomes (sometimes called post-lysosomes) from
where they are exocytosed (for review see [1]).
In mammalian cells, exocytosis from endocytic compart-
ments has been proposed to contribute to the membrane
needed for the formation of pseudopods and phagocytic cups
(see [2,3] for review). In Dictyostelium, exocytosis from late
endosomal compartments replenishes the plasma membrane,
which is constantly internalized during endocytosis [1]. This
exocytic process is very fast and has consequently been studied
mainly by live microscopy [4,5]. Due to technical limitations, it
is extremely diﬃcult to visualize simultaneously endocytosis or
pseudopod formation and exocytosis in living Dictyostelium
cells. Consequently, the exact contribution of late endosome
exocytosis to phagocytosis, macropinocytosis or motility in
Dictyostelium is not clear to date.Abbreviations: CRAC, cytosolic regulator of adenylylcyclase
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have been focused mainly on the analysis of the fate of rela-
tively abundant cytosolic coat proteins surrounding late endo-
somes, such as actin, coronin or vacuolin A and B [5–7]. The
fate of late endosomal membrane proteins during exocytosis
has not been studied so far. The p80 protein is a transmem-
brane protein present at low concentration at the cell surface
as well as in early endocytic compartments and highly enriched
in late endosomes [8]. In the present study, we followed the fate
of this protein during late endosome exocytosis. Microdo-
mains containing a high concentration of p80 can be seen tran-
siently at the cell surface following late endosome fusion, and
can be used to visualize sites of exocytosis. Our results show
that late endosome exocytosis does not contribute to the for-
mation of pseudopods, macropinosomes or phagosomes.2. Materials and methods
2.1. Cells and antibodies
D. discoideum DH1-10 cells were grown at 21 C in HL5 medium as
already described [9]. Cells expressing the PH domain of cytosolic reg-
ulator of adenylylcyclase (CRAC) fused to the GFP were described
previously [8]. Mouse monoclonal antibodies against the p80 endo-
somal marker (H161) and the plasma membrane protein PM4C4 were
described previously [8,10].
2.2. Immunoﬂuorescence
Cells (0.5 · 106) were allowed to attach on a glass coverslip in fresh
HL5 medium for three hours and then ﬁxed with 4% paraformalde-
hyde. After ﬁxation, cells were permeabilized by incubation for
2 min in methanol at 20 C and then incubated with the indicated
primary antibody in phosphate buﬀer containing 0.2% bovine serum
albumin. The primary antibodies were revealed using secondary anti-
bodies against mouse immunoglobulin, and coupled to Alexa Fluor
546 (Molecular Probes/Invitrogen, Eugene, OR). Cells were visualized
with a LSM510 confocal microscope (Carl Zeiss, Feldbach, Switzer-
land).
In co-labeling experiment with H161 and PM4C4 antibodies, the
H161 antibody was coupled beforehand with Alexa Fluor 488 (Molec-
ular Probes/Invitrogen, Eugene, OR) and incubated with the ﬁxed cells
subsequent to cell labeling with PM4C4 and secondary antibody. To
identify the p80 present at the cell surface, cells were incubated with
H161 antibody for one minute and then immediately ﬁxed and pro-
cessed as described above to reveal the H161 antibody.
To follow the fate of the p80 protein internalized from the cell sur-
face, cells plated on a coverslip as described above were ﬁrst chilled on
ice for 5 min and then incubated with the H161 antibody for 10 min at
4 C. At the end of this period, cells were washed and incubated at
room temperature in HL5 for diﬀerent period of time before ﬁxation
and permabilization. The primary antibody was revealed using an
anti-mouse IgG antibody coupled to Alexa Fluor 547. Cells where then
incubated with the H161 antibody coupled to Alexa Fluor 488 to de-
tect the total p80 protein.blished by Elsevier B.V. All rights reserved.
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Cells were attached to a glass coverslip as described above. Then for
60–80 min, the cells were incubated in HL5 medium containing H161
antibody coupled to Alexa Fluor 488. After two washes, cells were
mounted in low-ﬂuorescence medium [11] and then observed using a
confocal microscope equipped with a dual-disc micro-lens scanner
(QLC100 Confocal Scanner, Visitron Systems, Puchheim, Germany).
Images were taken at intervals of 10 s using the Metamorph 6.0 soft-
ware (Universal Imaging Corporation, Downingtown, PA).Fig. 1. The p80 protein is concentrated in patches at the cell surface.
(A) Co-labeling of ﬁxed cells with antibodies against p80 (green) and
PM4C4 (red) proteins. (B) Detection of p80 by surface immunoﬂuo-
rescence. Living cells were incubated one minute with H161 antibody
before ﬁxation. Scale bars: 5 lm.3. Results
3.1. The p80 protein is enriched in microdomains at the cell
surface
When detected by immunoﬂuorescence in ﬁxed cells, the p80
protein appeared to be mostly present in the membrane of
endocytic vacuoles while a small fraction of the protein was
found at the plasma membrane [8]. However, in 7.9% of cells
(n = 3539), an intense patch of p80 protein was observed at
the periphery of the cells (Fig. 1A). This patch was present
at the cell surface as revealed by surface immunoﬂuorescence
(Fig. 1B). Moreover, the p80 enrichment was not an artifact
caused by multiple folds of the plasma membrane, since the
protein recognized by the PM4C4 antibody, which is uni-
formly distributed at the plasma membrane, was not enriched
in the p80-enriched patch (Fig. 1A). Thus p80 patches corre-
spond to an accumulation of the p80 protein in a small area
of the plasma membrane.
3.2. Late endosomes fusion with the plasma membrane
Since p80 is highly concentrated in late endosomes [8], it was
tempting to suggest that p80 patches at the cell surface were the
result of the fusion of late endosomes with the plasma mem-
brane. To test this hypothesis, cells were incubated at 4 C with
the H161 anti-p80 antibody to allow the binding of the anti-
body to surface p80. Cells were then washed and incubated at
room temperature for diﬀerent periods of time to allow endo-
cytosis, ﬁxed and processed for immunoﬂuorescence. The anti-
body-bound p80 protein was rapidly internalized [8]. After
75 min it was found mostly in late endosomes, characterized
by a high concentration of p80, and almost absent from the cell
surface (Fig. 2A). Interestingly, it was possible at the same time
to detect the endocytosed p80 protein in patches at the cell sur-
face with an intensity comparable to that found in late endo-
somes (Fig. 2A). This observation suggested that late
endosomes fuse with the plasma membrane to form p80-rich
microdomains. Indeed in ﬁxed cells labeled for p80, it was also
possible to observe occasionally vacuoles exhibiting a high con-
centration of p80, caught in the process of fusing with the plas-
ma membrane (Fig. 2B). Together, these results suggested that
late endosomes fuse with the plasma membrane during the exo-
cytic process and thus give rise to transient p80-enriched micro-
domains at the cell surface. These surface microdomains might
be identical to the surface patches of vacuolin observed previ-
ously, and which have been proposed to be created by the fu-
sion of late endosomes with the cell surface [7].
To evaluate the kinetics of the exocytic process involving late
endosomes, we observed by live microscopy cells incubated
with anti-p80 antibody. For this the anti-p80 antibody coupled
to Alexa Fluor 488 was bound at the cell surface and endocy-
tosed by the cells for 60–80 min. Note that in these experiments
a high level of autoﬂuorescence was superimposed on the p80labeling. Prolonged incubations in low-ﬂuorescence media can
reduce autoﬂuorescence but could not be used here, since exo-
Fig. 2. Fusion of late endosomes with the plasma membrane. (A) Cells were incubated with the H161 antibody at 4 C to label the p80 protein
present on their surface and then incubated at room temperature for 0 and 75 min before ﬁxation and processing for immunoﬂuorescence with a
ﬂuorescent secondary antibody (endo, in red). Then the cells were incubated with the H161 antibody coupled to Alexa Fluor 488 to detect the total
p80 protein (total, in green). (B) Fixed cell labeled with antibody against p80 protein in immunoﬂuorescence. Each of these cells displays a late
endosome caught in the process of fusing with the plasma membrane. Scale bars: 5 lm.
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shown). As shown in Fig. 3, late endosomes could be seen fus-
ing with the cell surface. Following this fusion, a p80-enriched
patch was visible at the cell surface. Its intensity remained high
for approximately 20–30 s, then decreased, and it disappeared
within approximately 90 s (n = 6).Fig. 3. Exocytosis visualized by live microscopy. Cells were allowed to inte
using a confocal microscope. Two sequences are presented. Numbers indicat
the patch formation.3.3. Localization of exocytic microdomains at the cell surface
Dictyostelium cells are highly motile and constantly generate
pseudopods. They also continuously ingest important volumes
of extracellular liquid by macropinocytosis and can ingest
particles eﬃciently by phagocytosis. The formation of pseudo-
pods, macropinosomes and phagosomes requires an importantrnalize ﬂuorescent H161 antibody for 60 min and were then observed
e the time in seconds and arrowheads point out the exocytic event and
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ously suggested that the membrane needed for phagosome for-
mation can be contributed, at least in part, by focal exocytosis
of membrane from endosomes [12,13] or from the endoplasmic
reticulum [14]. Similarly, exocytosis of membrane at the front
end of a moving cell might contribute signiﬁcantly to cell
movement [2].
In Dictyostelium, sites of active actin-mediated membrane
remodeling (pseudopods, macropinoscytic cups or phagocytic
cups) can be identiﬁed following the cytosolic CRAC–GFP
marker, which exclusively accumulates at the membrane ofFig. 4. Late endosomes do not fuse with pseudopods, macropinosomes and
with antibody against p80 protein (red). Pseudopod (A), macropinocytic (B a
accumulation at the plasma membrane. For phagosome observation, cells we
and then ﬁxed and processed for immunoﬂuorescence. A nascent (C) and a clo
macropinocytic cup. Scale bars: 5 lm.those structures (Fig. 4) [15,16]. Using this marker, an analysis
of cells displaying both structures (a p80 patch and a CRAC–
GFP structure) at the plasma membrane was done. In some
cases the p80 patch was seen just beside the CRAC–GFP struc-
ture (see Fig. 4C for an example) while in other cases both
structures were on opposite sides of the cell or even not in
the same plane. A colocalization of the p80 patches was never
observed with pseudopods (n = 41), nor with macropinocytic
(n = 42) or phagocytic cups (n = 21) (Fig. 4). Furthermore,
quantitative analysis was performed on pictures where a p80
patch and a CRAC–GFP structure were present in the samephagosomes. Co-labeling of ﬁxed cells expressing CRAC–GFP (green)
nd C) and phagocytic cups (C and D) were identiﬁed by CRAC–GFP
re incubated with unlabeled boiled yeast particles (asterisk) for 10 min
sing phagocytic cups (D) are shown. In C, the p80 patch is just beside a
Table 1
Analysis of pictures containing both a CRAC–GFP structure and a p80 patch in the same focal plane
Structure Cell perimeter
(lm)a (C)
CRAC–GFP
structure
(lm)a (G)
P80 patch
(lm)a (P)
Number of
pictures
analyzed (N)
Expected number
of overlapping
structuresb
Number overlaps
observed
Probability of
random distributionc
Pseudopod 43.3 8.8 5.3 23 7,0 0 <0.001
Macropinocytic cup 49.2 9.0 6.6 21 6,2 0 <0.001
Phagocytic cup 54.8 12.7 5.5 16 5,0 0 0.002
aThe perimeter of the cells as well as the size of both CRAC–GFP structures and p80 patches was determined using the ‘‘Proﬁle’’ tool of the LSM510
confocal microscope software.
bAssuming a random distribution of CRAC–GFP structures and of p80 patches at the cell surface, the expected number of overlaps of at least 1 lm
between the two structures is: N(G+P-1)/C.
cThe probability that p80 patches can overlap with CRAC–GFP structures but did not do so by chance in each set of pictures is: (1-(G+P-1)/C)N.
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signiﬁcance that p80 patches were not evenly distributed at the
cell surface, but instead were excluded from regions of the
membrane engaged in phagocytosis, macropinocytosis, or
pseudopod formation.4. Discussion
In this study, we studied the fate of the p80 integral mem-
brane protein present at a high concentration in late endocytic
compartments in Dictyostelium cells. Our results demonstrate
that late endocytic compartments fuse frequently with the cell
surface, and that this creates transiently membrane microdo-
mains where the p80 protein is very abundant. The protein
then diﬀuses in the plane of the membrane, and it is continu-
ously endocytosed by the cell to maintain a low steady-state
concentration of p80 at the cell surface. The steady state distri-
bution of p80 is thus the result of a very dynamic transport
equilibrium.
The fusion of a late endosome with the plasma membrane
results in the transient formation of a p80-rich domain at the
cell surface. The p80 protein present in this domain presum-
ably diﬀuses relatively slowly, since the p80 patch can be visu-
alized even by surface immunoﬂuorescence in unﬁxed cells.
This allowed us to detect the sites of late endosome fusion at
the cell surface. We found that the fusion never occurred in
sites of the plasma membrane engaged in active actin-driven
remodeling such as the phagocytic cups, macropinocytic cups,
or pseudopods. It has been proposed that delivery of mem-
brane from endocytic compartments might participate signiﬁ-
cantly to the extension of the front of a moving cell [2], or to
the formation of phagocytic cups [12,13]. Our results indicate
that in Dictyostelium cells, fusion of whole late endocytic com-
partments does not participate to such processes. Our results
do not however exclude the possibility that other compart-
ments, including endocytic compartments, might contribute
membrane to phagocytic cups, macropinocytic cups, or the cell
front.
The fusion of whole endocytic compartments or lysosome-
related organelles with the cell surface has also been observed
frequently in mammalian cells. This phenomenon is implicated
notably in repairing a damaged plasma membrane [17]. Secre-
tory lysosomes are also essential for the function of many spe-
cialized cells like cytotoxic T cells [18]. Finally, fusion of
multivesicular late endosomes releases small vesicles (exo-
somes) in the extracellular medium, which could play a role
in intercellular signalling [19]. The fact that a speciﬁc endocyticcompartment is engaged frequently in fusion with the cell
surface in Dictyostelium cells, and that this fusion can be visu-
alized simply by immunoﬂuorescence suggests that Dictyos-
telium might constitute an interesting model to study the
fusion of endocytic compartments with the cell surface. Since
Dictyostelium cells are amenable to genetic analysis, it will be
interesting to study how this cellular process is aﬀected in spe-
ciﬁc knockout cells.
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